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the backing  first slipped along a plane, called the  plane of rupture, The Author. 
much steeper  than  the  angle of repose, and  that  the backing, when 
left  to  itself,  under  the  action of the  weather, would in  time 
assume the  true  angle of repose, Now it seemed to  the  Author 
that  anyone seeing such a thing occur, and  having  no preconceived 
notions  about  what  the  angle of repose  should be, would have a t  
once said that  the angle of the  slip ’was tlle  angle of repose. The 
Author  thought  his  experiments showed that  this was the  true 
explanation,  namely that slipping  took place along a plane inclined 
to  the  horizontal at the  angle of int,ernal  friction, or the  angle of 
repose for  the  backing  in  its consolidated state.  This  explanation, 
however, did  not  fit  in  with  the accepted angle of repose, and  the 
wedge theory  had  to be invented  to  bring  the  two  into  line, 
introducing  the  plaue of rupture, which appeared  to  the  Author  to 
be a mere fiction that would never  have been heard of had people 
always  appreciated the  distinction between the  angle of repose and 
the  angle of internal  friction,  and  the  very  large difference there 
might be between the two. 

Correspondence. 
Mr. A. L. BELL observed that  the method which the  Author  had Mr. Bell, 

followed was to load a vertical  plunger  resting  upon  the surface of 
the  material  to be tested, to  note  the  depth of penetration  under 
varying loads, and  then,  from  Rankine’s  well-known  formula fo r  
the maximum  supporting power of dry  granular  material,  to 
determine values of + appropriate to   the observed results.  This 
method was  excellent so long  as  experiments were limited  to  the 
dry  granular  material  postulated by IRankine ; but,  in Mr. Bell’s 
opinion, it would not lead to correct conclusions if applied to 
cohesive material which  did not obey the  primary law of resistance 
to  shear which formed  the basis of Rankine’s  theory.  Moisture in 
sand caused the  grains  to  adhere  to each other,  and  this  had  the 
effect of increasing  the  supporting power a t  or near  the surface. 
Anyone who had walked on a hot sum.mer day  upon a sandy beach 
at the  time of ebb, could not  have failed to  notice how much more 
pleasant it was to walk upon  the firm damp  sand which had been 
covered by the  tide  than  upon  the  dry  sand above high-water 
mark.  Rankine’s  formula (No. 4 in  the  Paper)  correctly showed 
that  the  dry  sand above high-water  mwk  had  no  supporting power 
&t $he surfwe, but it was evidently inapplicable to the damp  sand, 
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Mr. Bell. which had a considerable supporting power a t   t he  surface. NO 
matter  what  value was  assigned to C+, Rankine's  !formula would 
never  give a supporting power a t   the  surface ; and when, as in  the 
present  instance,  experiments were limited to  depths of a few 
inches it was to be  expected, as the  Author  had  found,  that  the 
deduced values of would be materially in  excess of the  angle of 
repose of the  same  sand  when  perfectly  dry. Following the 
Author's  general  method of enquiry, Mr. Bell had compared some 
of the  experiments  given  in  the  Paper  with  the  formula which he 
had  recently  submitted to  the  Institution,l viz. :- 

Maximum  supporting power of foundation = 

Unlike  Rankine's,  this  formula  took  into  account  the effect of 
cohesion, and,  for  material which had :I cohesive value,  gave :I 

supporting power at the surface. H e  had  found  that  by  inserting 
in the  formula  the following  values :- 

7c = 0.006 tons  per  square foot 
a = 59" 

a result was obtained which  compared reasonably well with  the 
curves  given in Fig. 4 of the  Paper.  This was  shown in  Fig. 21, 
which was a reproduction of the  Author's Fig. 4 with  the  addition 
of a dotted  line calculated according  to  the  above-mentioned values 
of k and a. 

The  high  value of a had  surprised him, having  regard  to  the 
fact  that  the  Leighton Buzzard sand used in  these  experiments 
had r7.n angle of repose, when  perfectly  dry, of 43" 4' and of 52" 28' 
when  damp  from  the  pit.  Indeed,  all  the values of rp which the 
Author  had deduced from his  experiments  on  sand were higher 
than  those which engineers  had been accustomed to use in  making 
calculations. H e  wondered whether  the  method employed had not 
contributed  to  this even when  testing perfectly dry  sand. It seemed 
probable that  as  the  plunger was driven  downwards it had con- 
solidated the  sand below it-forced it into closer order as Sir George 
Darwin  had expressed it. If this were so, the consolidation lvad 
given an increased and  fictitious  value  to  the  supporting power of 
the  sand  and  the  tests  had yielded unduly  high values of c$ and a. 
That  this  might be the case was shown  by the  flattening of the 

Minutes of Proceedings Inst. C.E., vol. cxcix, p. 233. 
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Yr. Bell. curves in Fiq. 7 which  occurred  when the pressures exceeded 
5,000 lbs. per  square  foot ; and  he would  like, for  example,  to  direct 
attention  to  the lower  value of 4 (about 58") which might  have 
been  deduced from  Experiment No. 36 had that  experiment  been 
stopped at 5,000  lbs.  per  square  foot  instead of a t  more  than 
15,000  lbs. per  square  foot.  This  source of possible error  might 
be avoided  by starting several  tests  simultaneously at different 
levels. 

I l e  was  also of opinion that  the  area of plunger used 
had an  effect  upon the results. It had been shown1  thnt  the 
plane of rupture in material  having an angle of repose + was 
inclined to  the  direction of externally  applied  pressure at an  angle 

Fi.q. 22. 
of - - -  

4 2' 
7r 4 or, in 

this case, of about 

therefore seemed 
probable that as the 
plunger descended 
it drove  down a 
wedge or cone  of 
compressed sand as 
indicated in Fig. 22. 

If this  redly 
occurred i t  was 
evident  that,  owing 
to  the  greater 
depth  to which the 
planes of shear 

extended,  experiments  with  the  larger  plunger would give  higher 
results  per  square  foot  than  those  obtained  when  using  the  smaller 
plunger, and  that  the difference  would be most  marked  when  tests 
were  made  near  the  surface  as in  the  Author's  experiments.  The 
results of experiment No. 13 (Fig. 4), which had been  made with 
the  larger  plunger, seemed to  lend  colour to  this view which, if 
correct,  pointed to  the necessity of incorporating  in  Rankine's 
formula a factor  proportional  to  the  area of the foundation, or 
preferably to its minimum  horizontal  dimension. H e  suggested 
that  the elucidation of this  point was worthy of the  attention of 
future experimentalists. 

Tbe Author was to  be eongrntulated  upon the confirmation  which 

45"- 26"= 19". It 

I Ninutes of Proceedings Inst. C.E., val, cxcix, p. 24, 
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he  had  obtained of Mr. Wilson’s  conclusions  regarding the effect of Mr. Bell. 

moisture  and  saturation  upon  the  value of The effects 

were  most  clearly  shown in Fig. 7. Experiments 27, 33,  34,  35, 
36, 37, and 52 (which  applied to  dry  and  to  saturated  sand) fell 
away  straight  from zero, indicating t,hat saturated  sand  and  dry 
sand  were  both  unaffected  by cohesion.. On the  other  hand,  Experi- 
ment No. 28 and,  in a less  degree, Nos. 29 and 30 clearly  exhibited 
the effect of cohesion. (Compare Fig. 19.) 

The  Author’s  experiments also supported Sir George  Darwin’s 
conclusion  as  to  the effect which the  density  (or  degree of aggrega- 
tion) of sand bad  upon the  ratio of the  intensities of vertical  and 
lateral  pressure. It was evident  that  in  future  engineers  ought  to 
take  the  weight  per  cubic  foot ( in situ) and  the  degree of saturation 
into  consideration  when  calculating t:he supporting power of sand . 
foundations. 

It had  been  stated in  the  earlier  part of the  Paper  that  the 
angle of repose  had  been taken as the  steepest  angle a t  which 
the  sand would stand.  This was undoubtedly  correct ; but was the 
Author  quite  sure  that  he  had obtainesd the  steepest  slope  for  damp 
sand ? When Mr. Bell  had  under  consideration  the  question  of 
what  he  had  termed  the  “critical  depth”  for  various  materials- 
in  other words, the maximum  height of vertical face which would 
stand  without  support-he  had  made  an  experiment  upon  very 
slightly  damp  sand,  selecting  for  the  purpose  an  extensive  deposit 
of sand,  perfectly  clean and  apparently  wind-blown,  standing  in a 
steep  slope  to a height of 100 feet  or  more.  Near  the  top of the 
slope  he  had  dug  down  vertically and  had  obtained a vertical  face 
or cliff 8 feet  in  height.  At  this  height  the cliff collapsed suddenly. 
It was only  by  virtue of the  natural moisture in  the sand that he 
had been able to form a cliff in it. What angle of repose would 
the  Author  have  assumed  to be the maximum in  this case ? If 
cohesion was not  to be taken  into a,ccount it would  be safer  to 
limit  experiments  to  perfectly  dry sand. which  bad  no cohesive value. 

The  experiments  on  clay showed th.at  Rankine’s  formula  would 
not  give  correct  results  no  matter  what  angle of repose was selected. 
He  was of opinion that  the  experiments  shown  in Fig. 10, in which 
the  penetration  had  been  limited  to  depths  not  exceeding 8 inches, 
had  not  been  carried  far  enough  to  yield  results of value.  This 
would be apparent if the curves in  that figure  were  compared  with 
those in Fig. 11.  What indication of the  real  behaviour of the 
material would  have  been given if the  latter  had also been  limited 
to  depths of less than 8 inches ? For this  reason,  and also because 

1 - sin q5 
1 + sin +* 

[THE INST. C.E. VOL. CCIII.] 0 
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Mr. Bell. the  initial cohesion of the clay  had  been  destroyed for all the  tests 
in Fig. I 0  (except the first, in which the  penetration was less than 
$ inch)  he would  confine his  comments to  Experiments B and C in 
Fig. 11. Still  pursuing  the  same  method,  he  had  applied  Equa- 
tion (A) to  these  two  experiments,  and  the  resulting comparisons 
were  shown in Figs. 23 and 24. H e  would like  to  know  what 
allowance had been made  for the  support given by the adhesion of 
the clay or mud to  the sides of the  testing pillar.  Experiment B 
on clay had been  made with a testing  area of 1 square foot. If 
the load  had been  applied to  the  top of the pile or pillar,  and if 
this was rectangular in section and of equal  section  throughout, the 
load of 12 tons  per  square  foot  on  the  top would be very  largely 
borne  by  the  adhesion of the clay to  the  vertical sides--52 square 
feet in area  when the  testing surface  had  reached the final depth of 
13 feet. The  value of the side  adhesion in clay had been  asccr- 
tnined  experimentally, and  might be very considerable---$ ton pcr 
square  foot or more  for firm clay.’ Similar  remarks were  npplicablc 
to  Experiment C on  mud, but  the side  adhesion  would be much 
less. The  testing  area in this case had been 16 square  feet,  and  the 
final depth 24 feet.  Assuming a rectangular  pillar  as before, the 
area of the  vertical  sides below ground at  the  end of the  test w:m 
384 square  feet. It was  probable that those  responsible  for  t,hese 
tests  had  taken  steps  to  eliminate  the  side  adhesion, or had  made 
allowance for it. He  trusted  that  the  Author in his  reply would 
give  fuller  particulars of these  experiments, and  in  particular would 
say if the side  adhesion  had  been  eliminated, or, if not,  what 
allowance had been  made for it. Until  this was  shown  no  reliance 
could be placed  upon the values of a shown in Figs. 23 and 24. 
If the weight  which he had  assumed  was  correct, the  mud  in 
Experiment C was acting  as a heavy  fluid at the  end of the  test. 

Early in the  Paper it was  stated  that  in  the  theory advanced by 
Mr. Bell the  “internal coefficient of friction”  in clay was pro- 
portional  to  the  shearing  resistance. H e  would like  to call attention 
to  what  he  had  said  upon  this  point in reply to  correspondence, 
namely, that  he  had “ intentionally  avoided  any  assumption as to 
the  shearing  resistance  being due, in part,  to friction,” 2 I n  a Paper 
by  Professor  Cain on “ Cohesion in Earth,”  read  on  the  2nd  February, 
1916, at a meeting of the American  Society of Civil Engineers, 
reference  had  been  made to  the confusion and  mental  perplexity 

1 Ninutes of Proceedings  Inst. C.E., vol. xli, p. 191, and vol. lxiv, p. 311. 
1 Ibid., vol. cxcix, p. 334. 
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caused by the  introduction  into  engineering  literature of the  term Mr. Bell. 

'1333 : NOIL'. 'Y.LINPd 

" angle of internal  friction."  With  this view Mr. Bell was i n  
0 2  
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results of their  tests  and  such  deductions  as  might,  without m y  Mr. Bell. 
assumptions, be drawn  from  them, lea,ving the  doubtful  question of 
friction alone. 

H e  agreed  with  the  opinion that  further  experimental  investi- 
gation was  desirable and  that  it  could best be carried  out in a well- 
equipped  laboratory  by a trained  physicist.  The  American  Society 
of  Civil  Engineers  had  appointed a special committee  to codify 
practice  on the  hearing  value of soils for foundations.  Special 
apparatus  had been  installed and a considerable amount of work 
had  already been  done. Valuable  as  experimental data would 
undoubtedly he, the necessity  for  what  the  Author called " a priori 
reasoning"  should  not be overlooked. Without,  this  and a well- 
directed  aim  in  devising  the  experiments  there would be  no  hope 
of reaching the desired  end,  which he took to be a sound  and  pre- 
ferably  simple  theory which, with  the  aid of experience,  could  be 
applied with some  measure of confidence and suczess to  the  often 
perplexing  conditions of practice. 

a distinct  advance  towards  arriving at a better  understanding of 
how t o  design  retaining-walls,  assign  safe  depths of foundations, 
etc., than  had  existed  hitherto. 

Rankine, as well as  earlier  theoretical  investigators,  was obliged 
to  make  some  hypothesis as to  the  rule  governing  the  stresses a t  a 
plane  interface  between  two  portions of the  materials concerned, 
whether  earth  with  earth, or earth  with a practicdly  rigid solid. 
The ellipse of stress  was a merely  mathematical convenience,  which 
applied  to any case in which the material, such as sand or gravel, 
was  sufficiently  fine-grained relatively  to  the  area of the  interface 
considered. Mr. FitzGerald  imagined  the  ultimate (so far  as 
individual  grains  were  concerned) mlechanics of sand to  resemble 
that  treated by the  late Professor  Osbome  Reynolds in vol. iii. of his 
" Scientific  Papers " more  than  anything else, and  there  did  not 
appear to  be in sight  any workable  .theory on  that basis, as yet. 
Rankine  and  his predecessors had  adopted,  naturally  enough,  Morin's 
law of friction, in his  assumption (1) given  by  the  Author  in  the 
Pnper,  with  the well-known  consequences.  Discrepanoies  found both 
in practice, and in laboratory or other  special  experiments,  had  been 
frequently observed, and were  referred  to  by  the  Author.  With 
reg,ard to  pressure  measurements  by  diaphragms, Mr. FitzGerald 
thought  them  likely  to  he  very difficult to  interpret  in  many cases. 
They seemed apt  to be  analogous to  trying  to find the stresses in 

Mr. MAURICE F. FITZGERALD  remarked that  the  Paper  marked "1:FitzG 

__ 

1 Cambridge University Press, 1903. 

ernld. 
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Mr.FitzGerald. a girder  by  sinking  small holes, drilled  into  its flanges or web, 
filling  them  with a liquid,  and  applying pressure-gauges. With 
regard  to  arching,  referred  to by the  Author  in connection with 
Mr. Meem's experiments,  Mr.  PitzGerald  thought  its effects unirn- 
portant  in  any  sands common in  this  country, compared with  the 
properties of the common sands which, as  many  children, moulders 
and  pattern-makers  knew, could form considerable projecting 
pieces, sustained as cantilevers,  independently of arching.  The 
compliance of sand  with  Rankine's  rule  had been tested in  the 
Paper  by  taking  the  vertical  pressure E on the  horizontal plane of 
the plunger  end,  outside  the  plunger,  to be the  conjugate  pressure 
t o  a horizontal  pressure p ,  conjug.de  to  the  vertical  pressure P 
under  the  plunger.  This  enabled + to be found  by  the  rule 

A comparison of Fhp. 5 and 6 with Tables I1 and IV in  the 
Paper showed that a graph of E and P would give, for  any 
particular  sand, a straight  line,  nearly,  starting  from  the  top  left- 
hand  corner of the  diagram,  and  that  the  lines  for  different  sands 
would be steeper  for  the smaller  values of 4 than  for  the  larger, 
if P were  plotted as in  those figures, and E downwards.  Suppose, 
now, Rankine's  rule were taken  as modified by Mr. A. L. Bell, 
and values of r$ were found  corresponding  with  different  points  for 
some one clay as values of E and P. Reference to Mr. Bell's 
Paper' showed that,  generalising  the  form of p somewhat, into 
p = P m  - N, where m and N are empirical constants  for  the 
clay in question, the conjugate E of the  conjugate p ,  of P, is 

E = Pm2 - N (m + 1) and - = w 2 -  ~~ ~- . E N (711 -/- 1) 
P P 

13 
P For convenience and  brevity  put - = B ; and  sin d, = y. Then 

Differentiate  the  first of these  with  respect  to y, and  the second 
with respect to P, giving 

E = - ' L - A - a n d -  dB = N ~~ ( m  ~ + ~ 1) ~ 

dy (1 + y)3' dP p" ' 
and,  inverting  the  first,  and  multiplying  the  result  by  the second 

dy tlU dy (1 + 7 ~ ) ~  N ( m  + 1) dB . ;Ip = d p  = - 
4 P" (1 - y) 
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which is negative  for all positive values of y, that  is sin 4, less Nr.FitzGernId. 

than  unity. I n  other words, sin + decreased when P increased, so 
that a graph of E and P made  from  such  data  as  are  furnished  for 
sands by the  Author  in Fig. 5 and Table 11, would, if similar  data 
were  applied to a clay following Mr. A. L. Bell’s rule, place the 
experimental  points  for  that clay on  lines  radiating  like  those  for 
the  different  sands  in Fig. 5, with  the  points of greater  pressures 
on the  steeper lines. I n  Fig. 10 this  actually  appeared,  but  as 
the  Author’s  experiments  did  not  determine  the  value of the 
conjugate  to P directly,  but  only  the  conjugate of the  conju- 
gate, Fig. 10 was not more than a qualitative confirmation of the 
modified form of Rankine’s  rule. ALny further discussion of the 
matter  here would be too  apt  to  lead  to  further modifications of 
the modified rule, as numerous as modifications of Euler’s  rule, 
or Gordon’s, for columns, and of Chbzy’s for flow of water  in 
pipes, etc. 

Clays, and clay with  sand  mixtures,  exhibited  within  limited 
ranges  properties  resembling those of a, weak elastic solid tending 
to viscosity-pottery clays, modelling clay, and Plasticine being 
well-known  examples. Inasmuch as many of these were imper- 
vious to air, Mr.  FitzGerald  thought it worth  suggesting that  their 
properties would be well worth  systematic  laboratory research. 
There should  be no insuperable difficulty in  performing  experiments 
on  them  in closed vessels, under  air-pressure  up  to 50 or 60 pounds 
per  square  inch,  that  is 3 or 4 tons  per  square foot, and observing 
deformations of the  free  surface exposed to  this pressure, in  the 
neighbourhood of the  plunger,  checking  rules of penetration, etc., 
by  direct  measurement  under  different pressures, and so forth, 
without  varying  the  conditions imposed by  the  shape  and  depth 
of the enclosing vessel, referred  to by the  Author. 

clay as observed by  the  Author  might,  in  part  at  least, be due  to 
compression-vertical compression  allowing the  plunger  to  sink 
without  an  equivalent  spreading of the  clay below it, and  lateral 
compression  allowing the clay to spread below the  plunger  without 
:in equivalent  heaving beside it. He  thought it probable that  the 
differences  between clay and  moist  sand were of degree rather  than 
of kind. A moist  granular mass, if the grains could be  regarded 
as  uniform  in size, spherical in shape,  and  in  the closest pomible 
state of aggregation (26 per  cent. of voids), would, on  account of 
the surface-tension of the  water, be drawn  together by internal 
tension or cohesion, which, so long as the  amount of water  present 
was only  suficiept  to  form menisci between the  grains, was iQde- 

Mr. J. T. JACKSON suggested that  the anomalous  behaviour of Mr. Jackson. 
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X:. Jackson. 
pendent of that  amount  and was equal to  about - pounds  per 1 

2cl 
square foot, where d was the  diameter of the  grain  in inches. 
When  the  amount of w a d r  was increased  until  the menisci  began 
to  run  together  this  tension increased, until,  with  almost complete 

saturation, it reached a maximum  value of about -. The moment 

complete saturation wa,s passed the cohesion due  to surface tension 
disappeared  altogether,  and  the " quicksand " state was  reached. 
But, as the  grains  in a mass of sand were not  uniform,  not 
spherical,  and  not  in  the closest possible state of aggregation,  the 
actual  internal  tension in moist  sand differed largely  from  the 
above values. 

If ?r represented  the  magnitude of this  tension,  then  the  relation 

1 
cl 

- =  q 1 - sin d, 
y 1 + sin d, 

which  held true  for  dry or over-wet  sand, should for moist sand be 
modified to 

q + ? r  l - s i n 4  
p + ~  1 + s i n +  

- 

or 

where 

If the size of the  grain were diminished, X ?  and  therefore P would 
increase, but-except perhaps in  the case of fully  saturated old 
consolidated earth,  and  for a short  time only-it was not  to be 
expected that ?r could exceed about 2,000 pounds  per square foot 
(atmospheric  pressure), as higher  values  than  this would require 
that  the pressure in  the  water between the  grains should  be 
negative. 

It seemed possible that  the considerations of extreme fineness of 
grain,  irregularity of shape of grain  (more  like  crusher-dust  than 
sand),  and  surface-tension of the  water always present,  might afford 
sufficient  basis on which to  build at least a working hypothesis 
which would bring  the behaviour of clay under  stress  into  line  with 
that of the much more easily studied  sand. 

The  fact  that  when  the  amount of moisture  present  ever so 
slightly exceeded that required for complete saturation,  the  internal 
tension  must completely disappear,  might  affsrd a reason for thl: 
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time  element  in  the yielding of clay, the  time being that required Mr. Jackson. 
for  the  water  present  to  soak  through  the clay to  the place where 
the  internal pressure  was  least, and where  yielding,  with  its conse- 
quent increase of volume,  was about  to" occur. It also  helped to 
emphasize the  importance of effective drainage  behind  retaining- 
walls. 

AS the  time  taken by an experiment  must  be  very  short  as 
compared with  the  time a retaining-wall or foundation should 
stand, it was clear that  any value of 7, and  therefore of P, deduced 
by experiment,  must be reduced by  a  large  factor of safety for 
practical  application.  Rankine was  probably right when he 
neglected the  internal cohesion of earth masses altogether. It 
was safer t o  prop  up a bank of earth  with  stone  than  to  hang it up 
with  water. 

by the  Author  on p. 132, took  account of the reaction of ground 
against  downward  pressure,  where  this  was  not complicated by 
frictional  resistance. In the  interesting  experiments devised  by 
the  Author  to-test  the  formula  there seemed  reason to  think  that, 
the  element of frictional  resistance  appreciably affected the  results 
obtained.  These  assumed that  the  entire load on the plunger was 
borne  by  the  sand  beneath it, but it was, in  fact,  partly .supported 
by the  frictional  resistance of the sand round  the plunger. The 
plunger  was  really  a pile,  which  displaced and compressed the sand 
adjacent  to i t ;   t he  lateral  pressure and consequent  friction  being 
much  greater  than would  be the case without  such  displacement 
and compression. Fig. 8 gave particulars which  enabled  some  idea 
to  be formed  of the  extent  to which lateral compression of the  sand 
increased its resistance to  penetration. 

It was not  stated  whether,  in  any of the experiments, the pene- 
tration of the plunger or of the piles  caused any  rising of the 
surface of the sand.  Probably  any such rising was too  slight t o  
attract  attention,  and  might  for  the  present  purpose be neglected. 

Turning  to Fig. 8, and  taking  the  area of sand in the bucket as 
100, the following relations  appeared :- 

Mr. D. C. LEITCH stated  that Rankine's formu1:t No. 4, quoted ~ r . L e i t c ' ~  

Less LOSS I Less Leas 
Plunger and,  Plunger  and Plunger and 
Five Piles. 1 Eight Piles. Sixseen Piles 

Average penetration  under  equal }l l 3 . 6  1 3.0 1 1.9 1 1'1 
loads . . . . . . . 
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3Ir. Leitch. The lower  figures  were scaled from F ~ J .  8 and were  only roughly 
approximate,  but  they  served  to show that  lateral compression of 
the  sand by only 4 . 2  per  cent. increased the  resistance  to pene- 
tration  more  than  threefold. It seemed reasonable to suppose 
that,  without  the compression due  to  the  plunger,  the  penetrations 
averaging 3 6 would be greater by 15 per  cent.  to 20 per  cent. ; the 
data were hardly sufficient to  support  any  definite conclusion as  to 
this.  Experiments 71 and 73, Fig. 14, gave a penetration of 
2.45 inches  with a load of 15,900 pounds  per  square  foot.  With 
the same load, but  lateral  pressure on the  plunger removed to  depths 
of 4.5 inches  and 3 . 5  inches, the  penetrations were  respectively 
4 . 7 5  inches  and 3 . 6 3  inches  from  the  surface of the  sand. SO far 
these  results favoured the view that  the plunger  derived  consider- 
able  support  from  the  surrounding  sand;  but  in  Experiments 75 
and 76, with  sand  partly removed, the  penetrations were less than 
in  71 and 73. Unfortunately  no  trials  with  the  plunger  starting 
from  the  surface were made in  Experiments 75 and 76. On 
balance  these  experiments  appeared to  favour  the view that fric- 
tional  support  materially affected the  results  obtained. 

As regards the  Author’s  remarks  on clay cuttings, Mr. Leitch 
suggested that if the resistance of clay to shearing was fairly 
expressed by  Formula 3, p. 130 (a = K + P tan a), the  value of q 
relative to P must decrease as  the  latter increased, even if a 
remained  constant.  On  this basis the  natural slope of a deep 
cutting would be concave, flatter  towards  the  bottom.  The  efkct 
of frictional  resistance  might be eliminated in experiments such ns 
those described in  the  Paper  by  making a thin sleeve to fit over 
the  plunger,  forcing  the sleeve and  plunger,  under  separate lo~ds ,  
into  the  sand,  both  to  the same depth. A comparison of the loads 
per  unit of area  required  for  this would show the eEect of friction; 
while the load on  the  plunger would be balanced entirely by the 
resistance of the  sand below it. 

Jlr.Mallock. Mr. A. MALLOCK pointed  out  that  the  assumptions of both 
Rankine  and Boussinesq  were  incomplete, but  both  might be 
correct in  particular cases. Rankine assumed that  there was no 
outward  motion  whatever of the retaining-wall. Boussinesq, on 
the  other  hand,  gave  full  credit  to  the  friction  (between  the face of 
the wall and  the  earth), which could only be developed by outward 
motion. I n  reality,  small  motions of both wall and  earth  must 
take place in consequence of their elasticities. The  elastic  limits 
were very small, but  within  these  limits  the  angle (p changed (at  the 
wall surface)  from  Rankine’s  value  to Boussinesq’s. With  the  type 
of exgerispenb usually made, 9 would always  copform pore  nearly 
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to  the  latter  than  to  the former. The  dotted  line  in Fig. 25 Mr.Mallock. 
showed the  character of the section of the  surface  along which the 
shear  limit of the  material would be reached when  the  retaining- 
wall had been pushed out. As far as known  by  Mr. Mallock no 
experiments  had been made which had  for  their  object  the  deter- 
mination of the  variation of + within  the  limit of elasticity.  The 

Fig. 25. 

nature of the  resistance of a pure clay to  shear was quite  different 
from  that of earth or sand. H e  would not now discuss the  experi- 
ments  he  had made a t  various  times on the properties of clays, but 
might  say  that  mixtures of clay and  sand  in  varying  proportions 
gqve results which varied  continuously  from  those of pure clay to 
pure  sand. 

that  Rankine  had assumed (1) that clay was an incompressible 
material,  and (3) that  it behaved as  an  elastic solid in a state of 
strain.  There was nothing  to be gained by attributing  to  Rankine 
views  which he  did  not hold. There was no reason to believe in 
the  existence of any incompressible material,  and if such a material 
elristed it certainly would pat '' bebave 8s as elastic sdid  in a state: 

Mr. JAMES MITCHELL -remarked  that  in  the  Paper  it was stated H~. ~ ~ i t c ~ , e l l .  
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Mr. Nitchcll. of strain.’’ During  the discussion on Mr. Bell’s Paper “ On  the 
Lateral  Pressure  and  Resistance of Clay,”l  Dr.  Unwin  explained 
very clearly the  position  ,with  regard  to  Rankine’s  theory, namely, 
that  Rankine recognized the importance of cohesion, but realized 
also the lack of experimental  data  on  the  subject.  He,  therefore, 
postulated a material  without cohesion, to which  alone his  formula 
W:LS applicable. As Dr.  Unwin 11:d pointed  out,  engineers  had, 
unfortunately,  applied  this  formula  to  materials  having  all 
degrees of cohesion, ancl had  apparently been surprised at  the 
results. 

The  Author, in referring  to  the  examples  quoted  by  Sir  Benjnmin 
Baker in his Paper on ‘L The  Actual  Lateral  Pressure of Earth- 
work,” I d  said  they  were  not  experiments.  Surely, however, 
they were the most  valuable  kind of experiments,  their  great 
drawback  being their costliness. H e  had  also referred  to  the 
advantage possessed  by small-scale experiments  in  having  the 
materials  and  conditions  under  control. It was extremely difEcult, 
however, to  reproduce  on a small  scale, and  in  due proportion,  all 
t.he actual  conditions. I n  studying Fig. 3 of the  Paper,  and 
reflecting  on the probable  path of the particles  displaced  by the 
plunger, i t  was difficult to believe that  their motion  was  unaffected 
by the sides and  bottom of the bucket. 

On p. 135 of the  Paper it was statccl “ many  writers seem 
t o  differentiate  materially  between  friction  and cohesion, but, as 
both  tend  to  prevent  movement in  the mass, it is  not clear  why 
they should not be  considcred  toget,her,  unlcss t h y  can be shown 
to obey different lams.” On  p. 130, however, the  Author said : “ In 
the case of damp  sand  or  clay  there  certainly  is  surface-tension, 
which, between  small  particles,  may  be  very great-perhaps 
exceeding the  internal friction-and  will tend  to increase the 
stability of the mass. On the  other  hand,  when clay or sand is 
completely saturated,  there  may be fluid  friction that would  be 
independent of the pressure, ancl which  would  reduce the  stability, 
the  water  acting as a  lubricant  between  the particles.” 

Careful  experiments  on  the influence of cohesion  were greatly 
needed.  They  should be on  the  largest scale possible, and,  with 
regard to pressure, it should be constantly  kept  in view that what 
the engineer  was  concerned  with  almost  entirely was long-continued 
loads. It was  probable that  the effect of the force of  Cohesion, 
relatively  to  that of gravity, was much  greater  in small-scale 

’ Minutes of Proceedings Inst. C.E., vol. cxcis, p. 233. 
Ibid. vol. lxv, p. 140. 
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experiments  than it was on a large scale, and the influence, in BIr. Nitcllcll. 

clamp materials, of the surface-tension of water was of very  great 
importance.  The  late  Sir George H. Darwin, i n  his  Paper  “On  the 
Horizontal  Thrust of a Mass of Sand,” 1 had drawn  attention  to  the 
great effect produced  by a trifling  vibration of the  sand  with which 
he  experimented in increasing  its  density,  and  on  this  point  Sir 
Benjamin  Baker  had  remarked, “ A  trifling  amount of vibration 
will alter  the  pressure  from  10 per cent.  to 50 per cent., and a 
comparatively  innocent  shake  in a small model will  correspond in 
i ts  effects  with  an  earthquake  in  real life.” Darwin  had also 
referred t o  the  importance,  with  regard  to  any  material, of ifs past 
history.  When it was considered that a boulder-clay, for instance, 
might  have been subjected,  during a long period of its existence, 
to  the  pressure  due  to a sheet of superincumbent ice from 2,000 to 
3,000 feet  thick, it was evident  that,  when  broken up and used in 
an  embankment, or as filling behind a wall, its angle of repose 
was  likely to be very  different  from  that which  existed in  the 
undisturbed  material. 

I n  considering the  angle of repose in  the filling behind a wall, 
it had  to be observed that  the horizontal  pressure of the wall, and 
the  vertical  pressure  due  to  the  friction  between  the filling and  the 
back-surface of the wall, combined with  the effect of those forces 
in enabling  the wedge of material  just  behind  the wall to  with- 
stand consolidation,  produced a state of affairs widely different 
from  that which existed i n   a n  ordinary  embankment. It was 
reasonable, therefore,  to  expect  that  there would be a marked 
difference  between the  angles of repose in   the two cases. The 
angle of repose would probably, i n  general,  vary  with  the  depth, 
owing to  the effects of wetting  and  drying,  heating  and cooling 
in  the  upper  layers,  and  increascd compression in  the lower 
1:tyers. 

quite  in  agreement  with Mr. Bell that  his experiments  did  not 
support  Itmkine’s  theory  in  the case of clay, and  that  they did 
with  regard to  sand  and  granular  material.  He, however, could 
not accept the  statement  that  damp  sand  had “a considerable 
supporting power a t   the  surface ’’ ; by which he  understood  that it 
was capable of carrying a considerable  load without  penetration or 
settlement,  Inspection of the  diagrams would show that  in all cases 
the  weight of the  plunger  alone (2-31  lbs.), without  added weights, 
produced quite a measurable  penetration. It was indeed evident 

The Amnon, in reply  to  the Correspondence, stated  that  he \vas The ~ u t i l o r .  

_________ 
1 JIinutes of Proceedillgs Inst. C.E., vol. luxi, p. 350. 



Delivered by ICEVirtualLibrary.com to:

IP:  142.150.190.39

On: Fri, 03 May 2013 15:29:07

206 CORRESPONDENCB ON BAilTlX-PitESSUkE~. [Minutes of 

The Author. that  no substance,  clay,  sand,  or  whatever it might be,  could carry 
a weight  without some settlement,  unless i t  was an absolutely  rigid 
solid. I n  Fig. 21 was  drawn a line  which  was  said to  agree  fairly 
well with  the Author’s  experiments  shown in Fig. 4. The  Author, 
however,  could not accept  this,  for  the  line was drawn above the 
highest  observation at   the  upper  end,  and  considerably below the 
lowest at the lower, and  did  not pass near  the origin,  from  which 
all the  penetration  lines  diverged, crossing the series  about midway. 
Again, Fig. 23 was  given  to  show that Mr. Bell’s formula  for 
maximum  supporting power of foundations (A) agreed  with  the 
Author’s  experiments.  This was so only if Mr. Bell’s theoretical 
line  was compared with  the  penetration  curve  between  pressures of 
about 7 tons  and 12 tons  per  square  foot.  Now it was  clear that  
for  parabolic  curves it was  always possible to  draw a straight  line 
that would  follow the  curve  fairly closely provided that  the  part of 
the  curve selected  was at a considerable  distance from  the origin. 
But  this did  not  mean that  the  straight  line so drawn was a fair 
approximation  to  the whole curve. If equation A redly represented 
the relation  betwecn the loads and penetr:ttions, it should be  pos- 
sible to  calculate  from it the  penetration  for  any load, and by the 
accuracy of the  result  the  truth of the  theory  must  stand or fall. 
Applying  this  test,  by  calculating  from A thc penetration  due  to 
4 tons  per  square  foot,  the  penetration came out at about - 5 feet, 
for 2 tons  per  square  foot it was - 10 feet,  and  for  no load a t  all 
- 15 feet.  This  meant  that  for  these loads there should be not 
a settlement  but an upheaval of those  amounts,  results that  
certainly  did  not  agree  with  the  Author’s  experiments. Mr. Bell 
referred to  the  friction  on  the  sides of the plunger and piles in  the 
experiments. So far as the  Author knew, it had  not been taken 
into  account  in  any of the experiments  described in the  Paper ; but 
he believed the effect of friction  on  the  supporting  capacity of piles 
had been greatly  over-estimated. In Experiment 48, Table IT, 
the  plunger  carried  nearly 7 tons  per  square  foot  with a penetration 
of about 4 inches: if a pile 12 inches  square  were  driven 10  feet 
into  this  sand,  and  the  straight-line law  held, it should  carry a load 
of 210 tons.  This  total  bearing  capacity was  divided  between the 
supporting power of the pile  proper and  the  friction  between  the 
sides  and  sand.  Assuming  the  friction,  on  the pile to  average 
5 cwt.  per  square  foot, the  total  friction between the pile and  sand 
would  be 40 square  feet X 5 cwt. = 10 tons, so that  the load 
carried  by  the  sand  apart  from  the  friction  was 200 tons,  or  the 
error  introduced  by  neglecting  friction was  only 5 per  cent. In 
the case of wet clay the  Author was inclined to  think  that  the 
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effect of friction was negligible, and  that  neither  in  sand  nor  in The Author. 
clay  should it be depended on. 

The  angles of repose, 43" 4' and 52' 28', which  were referred  to  as 
being  unusually  large,  had  been  obtained  by  direct  measurement 
from  heaps of sand  on a drawing-board  and  had  not been deduced 
from  the  plunger  experiments. In order to  test  whether  the  sand 
under  the  plunger was compressed the following experiments were 
made. A jar, G inches  high  and 4 inches in diameter, was filled with 
dry  sand,  carefully  streaked off level with  the sides. A plunger of 
known volume was then forced down  into  the  sand,  musing its 
surface  to  rise above the  original level. The  sand  thus  raised was 
then  carefully  streaked off and  its volume  measured. If this 
volume was less than  that of the  plunger  the  sand  must  have been 
compressed, if the  same  there could have been no compression, and 
if greater,  the  average  density of the  sand  remaining  in  the  jar 
must be less than before the  plunger was inserted. Seven experi- 
ments were made: (1) with  the  sand  very  carefully poured in,  the 
greatest care being  taken  to avoid shaking ; (2) with  the jar being 
given  two  slight  shakes; (3) with  jar  shaken  slightly  more;  and 
(4)-(7) with  the  sand  shaken  in as thoroughly as possible. The 
volume of the plunger embedded in  the  sand was measured to be 50 
cubic centimetres,  and  the  quantities of snnd extruded in the 
experiments were :- 

Experiment (l) . . . . . . .  0 cuhie centimetres. .. ('L) . . . . . . .  20 .. .. (3) . . . . . . .  60 .. .. (4) . . . . . . .  82 .. .. ( 5 )  . . . . . . .  89 .. 
,, (6) . . . . . . .  84 .. 
,, (7) . . . . . . .  82 .. 

Consequently  in (1) and ( 2 )  there was some  compression, but  in a11 
the  others  there could not  have been any.  Indeed,  in  experiments 
on  sand  thoroughly  shaken  the  amount  extruded was more  than 
60 per  cent. i n  excess of the volume of the  plunger, so that  the  mean 
density of the  sand  remaining  in  the jar must  have been lowered. 
It was safe to say that  in  ordinary  practice  sand would never be in  
the loose condition of experiments (1) and (2) which was a state 
of unstable  equilibrium,  and  that it would ordinarily correspond 
in  condition  with  the  thoroughly  shaken  sand. If this was so, 
the  experiments would tend  to  show  that  sand  when  carrying a 
load was not compressed. A t  first sight it seemed impossible that 
the plunger could extrude more than  its own volume of sand,  but 
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T ~ I O  A U L I W ~ .  the  experiments  appear  to confirm  Professor  Oaborne Reynolds’s 
conclusions that a volume of sand  when  shaken  up would  assume a 
state of equilibrium  such that  the volume of the  interstices between 
the  grains was a minimum,  and  that  any  impressed force would 
increase them  and consequently the volume of the whole mass. 
In experiment (1) the  sand  had  not been brought  to  its  condition 
of minimum  interstices, so that  there was  room for  the plunger 
without  any  raising of the surface.  The close agreement of ex- 
periments (4)-(7) was, the  Author  thought, somewhat  remarkable. 
Also in experiments 72 and 74 (Pig. 13) the  sand  carried loads of 
about 7 tons  per  square  foot  practically  without  settlement of any 
kind, so that  there could hardly  have been  consolidation. It was 
objected that  the clay experiments  shown  on Fig. 10 were of no 
d u e  because the cohesion  was destroyed fo r  all  experiments  but 
the first. So far  as  the  Author could  make out,  the  supporting 
capacity of any  particular clay  depended  merely on  the  amount of 
water  and  its  state of consolidation. For example, after experi- 
ment 56 was made  the clay  was cut up into  lumps  and  left  for 
about 3 weeks to  dry and was then pounded into  the bucket, and 
experiment G6 was made.  From Fig. 20 it would be seen that  the 
clay had  to a large  extent recovered i ts  original  strength.  There 
was no  experimental evidence that clay permanently  lost  its 
supporting power by  disturbance  and  saturation,  and  t’he  experi- 
ments seemed to  point  to  its  recovering its strength by  drying 
and consolidation.2  The  Author was altogether in agreement  with 
Professor  Pitzgerald  with  regard t o  pressure  measurements  by 
diaphragms, and  he wondered  what  gauges in the side and bottom 
of the box in F,igs. 15 and 16 would have  indicated. 

1 Scientific  Papers, vol. ii, Nos. 50 and 51. 
2 Since  writing  the  above  the  Author  has  made  an  experiment wllicll  Ire 

tllinks  definitely  settles  this  point. l i e  had  fortunately  preserved  the  clay  with 
which was made  the  experiments shown  on Pig. 10. The clay, cut  up  in small 
pieces, just  as  it  was dug  out of the bucket  after  experiment 69, was lying  in an 
open box for 15 months.  The box was sometimes  exposed  to  the  weather,  and 
a t  times  under cover. During  this  period  the  clay was saturated  with  rain,  dry 
and  hard  as a  brick, and  several  times  frozen  hard.  The  Aut,llor  noticing  that 
i t  happened to  be fairly  dry,  thought  it  might  be.interesting  to  see  what load i t  
would  carry after  this  rather  drastic  treatment,  for, if there is any  virtue in 
cohesion it should  surely  have  vanished.  The  result was that  the clay  carried 
7 tons  per  square  foot  with  a  penetration of 2.19 inches. In a subsequent 
experiment,  after  further  drying,  the clay carried the same load with  a  peuo- 
tration of only 0.15 inch, so tha t   i t  was mu cl^ stronger  than  when  taken  from 
the pit.-l’.bI.C. 20 August, 1917. 
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H e  was also prepared  to  admit,  as  suggested by Professor TheAuthor. 
Jackson,  that  the  difference  between  sands  and  clays  might be  one 
of degree  and  not  kind.  With  the  sands  used by  him, however, 
this  did  not  appear  to  be so, but possibly  with  extremely  fine  sands 
it might be, and  he was inclined to  think  that  the “cohesion ’’ of 
clay  was  nothing  but  the  surface  tension of films of water  between  the 
particles. He  would like  to  cite  an  experiment  to  show  what effect 
water could have  on  sand.  Preparatory  to  starting  the  experiments 
shown in Fig. 14 the  bucket was  filled with  moderately  dry  sand 
well pounded in, which in its then  state would  have  allowed a 
penetration of about  5  inches  with  150 lbs. on  the  plunger.  The 
surface of the  sand  was  then  watered  with 2 pints of water  and  left 
standing  for  about 14 hour,  the  Author  thinking  that  in  that  time 
it would  have  percolated through  the mass, The  plunger was then 
loaded  with  150 lbs., equivalent  to  about 7 tons  per  square  foot, 
and  the  penetration was only  0.15  inch. On digging  out  the  sand 
to see  what had happened it was found  that  the  water  had  only 
penetrated  about 2 or 29 inches, so that  the load of 7 tons per 
square  foot was carried by this  thin  layer of wet  sand,  the  only 
diference between it and  the  sand below being  the  presence of the 
water  between the  grains. 

Mr. Leitch  had  asked  whether  any  rising of the  surface of the 
sand was  caused  by the  penetration of the plunger.  The  rising 
of the  surface was very  marked,  and  in  damp  sand  and  clay 
radial,  and  in some instances  circular,  cracks  were  formed, a t  
times  quite  suddenly ; and,  curiously,  they  did  not affect the 
settlement of the plunger-that  was  to  say, it did  not  drop 
suddenly  when  the  cracks  formed.  They seemed to be caused not 
by  a  wedge being  forced  up,  but by a  tearing of the bulged  surface. 
In   t he  piled experiments  the  surface  rising was entirely confined to 
the  sand  within  the  ring of piles, and to this confining of the  sand 
the increased  bearing  capacity was  clearly  due. Mr. Leitch was 
hardly  correct in saying that friction  affected the  results  shown  on 
Fig. 4,  for  the  two  deepest  penetrations  observed  were  in  experi- 
ments 71 and 77 when the plunger was started at  the surface,  while 
if friction  had  assisted  the  sand  to  carry  the  loads  the  penetrations 
should  have  been  least.  The  holes in which the  other  experiments 
were  made  were  larger  than  the  plunger,  and  therefore  there was no 
assistance  from  friction  in  these, 

Mr. Mitchell  had accused the  Author of attributing  to  Rankine 
views which  he  did not hold,  by  assumptions  (1)  and (3) at  the 
conlmencement of the  Paper. It w:ts t~-ue BaRkjpe  did  not statfj 
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The Anthor. specifically that  earth was a n  incompressible material,  but  he assumed 
it, for he applied to it the  ordinary  laws of statics which  were all 
based on  absolute  rigidity.  With  regard  to (3), however, he  did 
state specifically t h a t   “ a  mass of earth is subject  to  the  general 
principles which govern the compound internal  stress of solids.”1 
It was no  doubt  true  that  there was no such thing  as  an incom- 
pressible material,  but  the  errors  introduced by such  an  assumption 
were  not sufficient to  vitiate  ordinary  calculations  in mechanics. 
In  fact,  whenever a stress  diagram was drawn  this  assumption 
was  made, though it was perfectly well known that  the compression 
members were shortened  and  the  tension  members  stretched.  The 
Author agreed that it would be very desirable to  have  experiments 
made  on cohesion, but  the difficulty was to  know  what cohesion 
was, and it would be  necessary to know  this first. The  term 
cohesion had been  applied  by physicists  to  the  result  that followed 
from  the  attraction between the  particles of matter, such as the 
properties of tenacity  and  rigidity of steel,  and it seemed unfor- 
tunate  to  apply  the  same  term  to  the forces that held a mass of 
clay or sand  together,  for  they  certainly were of an  altogether 
different  order of magnitude.  When discussing cohesion, Lord 
Kelvin said-“ It is  satisfactory to find, so far as cohesion is con- 
cerned,  no  other force than  that of gravitation need  be assumed.” 
Could this be said of the so-called “ cohesion ” of ciay ? 

Civil. Emginecriqlg, 188.5 edition, p. 315. 
L ‘  Popular Lectures and Addresses,” 1591, p. 63. 


